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Abstract Gas-condensate reservoirs experience signifi-
cant productivity losses as reservoir pressure drops below
the dew point due to condensate accumulation and water
blocking and the subsequent reduction in gas relative per-
meability. One potential way to overcome this problem is
to alter reservoir wettability to gas-wetting to reduce con-
densate accumulation and water blocking in the near
wellbore and maintain high productivity. The major goal of
this work was to study the mobility of the gas and liquid
phase (both water and oil) before and after wettability
alteration from strong liquid-wetting to intermediate gas-
wetting. For this purpose, in addition to relative perme-
ability measurements, we also conducted various other
tests to demonstrate that liquid mobility can be improved
significantly due to wettability alteration. As wettability
modifiers, fluorinated polymers are capable of delivering a
good level of oil and water repellency to the rock surface,
making it intermediate gas-wet and alleviating such liquid
blockage under high temperature. The contact angle anal-
yses, capillary rise, flow tests, and imbibition spontaneous
tests were used to estimate the effect of treatments on
wettability. Experimental results demonstrated that the
fluorinated polymers can alter the wettability of cores from
strong liquid-wetting to gas-wetting, which could decrease
the amount of water invaded and resided in the gas for-
mation. Core flood test results demonstrated that the
relative permeabilities of both the gas and the liquid phases
were increased significantly after the wettability alteration
to preferential gas-wetness. The residual liquid saturation
was decreased, and the gas production was enhanced
greatly due to the wettability alteration. These results imply
that gas well deliverability may increase substantially when
wettability is altered to intermediate gas-wetting. Effi-
ciency in the extraction of natural gas is important to
improve the productivity of gas-condensate reservoirs
where liquid accumulates, which is beneficial for the eco-
nomic and environmental considerations of the oil and gas
industry.
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Introduction
A sharp reduction in gas well deliverability is often
observed in many low-permeability gas-condensate reser-
voirs even at very high reservoir pressure. The decrease in
well deliverability is attributed to condensate accumulation
and water blocking (Li and Firoozabadi 2000; Allen and
Roe. 1950; Barnum. 1995; Wagner and Leach 1958). As
the pressure drops below the dew point, liquid accumulates
at the wellbore in high saturations reducing gas relative
permeability (Tang and Firoozabadi 2003; Fahes and Fir-
oozabadi 2005), the result is a decrease in the gas pro-
duction rate. Gas deliverability often increases after
removal of water and condensate phases from the near-
wellbore region. Several techniques have been used to
increase gas well deliverability after the initial decline.
Hydraulic fracturing and solvent injection are implemented
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in order to remove the accumulated liquid (Tannich 1975;
Holditch 1979). The increased rates were, however, only
sustained for a period. The approach is not a permanent
solution to the problem as the condensate bank will form
again. On the other hand, when hydraulic fracturing is used
by injecting aqueous fluids, the clean-up of water accu-
mulation from the formation after fracturing is essential to
obtain an increased productivity. Water is removed in two
phases, immiscible displacement by gas, followed by
vaporization by the expanding gas flow (Mahadevan and
Sharma 2003). Due to the low permeability and the wet-
tability characteristics, it takes a long time to perform the
clean-up; in some cases, as little as 10–15 % of the water
load could be recovered. In a new approach, Li and Fir-
oozabadi examined the alteration of wettability to inter-
mediate gas-wetting by chemical treatment of the rock. A
major factor in liquid accumulation is the liquid’s low
mobility because of strong liquid-wetting (Walker et al.
2005; Zuluaga and Monsalve 2003). By altering the wet-
tability of the rock from liquid-wetting to intermediate gas-
wetting, an increase in liquid mobility is achieved, pre-
venting the accumulation of liquid in high saturations and
resulting in high rates of gas production (Boom and Zee-
lenberg 1996; Fahes and Firoozabadi 2005). The work of
Firoozabadi and coworkers on wettability alteration may
have a practical application in improving gas effective
permeability due to the prevention of liquid accumulation
in high saturations at the wellbore; the main requirement is
the permanent alteration of wettability. Tang and Fir-
oozabadi performed wettability alteration and measured the
effect of wettability alteration on increased liquid mobility.
The major goal of this work was to study the mobility of
the gas and liquid phase (both water and oil) before and
after wettability alteration from strong liquid-wetting to
intermediate gas-wetting. For this purpose, in addition to
relative permeability measurements, we also conducted
various other tests to demonstrate that liquid mobility can
be improved significantly due to wettability alteration. The
alteration of wettability was achieved by treating the rock
with the Zonyl8740 solution at 24 C. This paper is orga-
nized along the following lines: First, the description of
rocks, model reservoir fluids, chemicals used in treating the
rocks, and the treatment procedure were presented. Then,
the measurements of contact angle, imbibition, and flow
testing were described, and in the section that follows, the
results of these measurements in treated and untreated
cores are presented. At the end, conclusions from the work
were drawn. Note that the wettability alteration to gas-
wetness may also be applied in drilling and completion to
reduce the water loss to tight gas formation, in water
shutoff in tight gas reservoirs with bottom water, and acid-




The polymer used was Zonyl8740. This DuPont product is
an aqueous fluorochemical that provides water and oil
repellency on porous mineral surfaces. It is soluble in water
and methanol; it is chemically bond to the surface of the
rock at the molecular level, allowing durable results. At
room temperature, it has a density of 1.095 g/cm3 and a
viscosity of less than 250 mPa s. The reservoir simulated
brine with the concentration of 9,800 mg/L, and the sim-
ulated water was used. The composition is shown in
Table 1.
Hexadecane is produced by Beijing Hengye company,
China. Several core plugs with a diameter of about 3.7 cm
sampled from the targeted gas-condensate reservoir
(Changqing reservoir in China) were used in this study. As
is shown in Table 2, the porosity was around 10 % and the
permeability ranged from 0.13–0.23 md.
Wettability tests
The experimental work is designed to investigate wetta-
bility alteration and its effect on liquid mobility. Wetta-
bility is examined before and after treatment by contact
angle measurements, capillary rise analyses, and sponta-
neous imbibition tests. The rock was saturated with 1.0 %
Zonyl8740 solution and was aged to change the wettability
at 24 C. The aging time was about 8 h. After saturation
with the chemical solution, the rock was evacuated for
about an hour and was then dried in order to remove the
extra liquid chemicals. A very small amount of the
chemical was left on the rock surface; the surface energy
Table 1 Composition of the reservoir simulated brine
Composition Content (mg/l) Composition Content (mg/l)
HCO3
- 677 Ca2? 172
Cl- 5,527 Mg2? 42
SO4
2- 125 Na? ? K? 3,257









A-1 6.13 3.66 9.2 0.13
A-2 6.15 3.65 9.1 0.21
A-3 6.12 3.66 9.8 0.18
A-4 6.13 3.66 9.4 0.23
A-5 6.18 3.66 8.9 0.14
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decreased and the solid surface was altered to preferential
gas-wettability as a result of adsorption. Liquid mobility,
before and after wettability alteration, is measured by
performing unsteady-state displacement tests.
Contact angles
Contact angle meter SL200 B (USA Kino Industry Co.)
was used to test liquid contact angles on rock surface in
air at ambient temperature. Liquid contact angle mea-
surements were conducted using the sessile drop method.
Droplets of liquid were carefully dropped onto the surface
of each core. Then, liquid contact angles on the rock
surface were obtained. The liquid volume is about
5 9 10-3 ml. The simulated water and hexadecane were
selected for measuring the contact angles of rock cores.
At the same time, the images of contact angle were
obtained.
Spontaneous imbibition
The experimental apparatus used to conduct the sponta-
neous water imbibition tests was similar to that used by
Li and Horne. The schematic of apparatus is shown in
Fig. 1. The core sample was hung under an electronic
balance and submerged in the liquid. Change in weight of
the core versus time was recorded. Spontaneous water
imbibition tests were conducted to alter the wettability
from preferential liquid-wetness to gas-wetness in the
core sample A-1 before and after 1.0 % Zonyl8740
solution treatments. Brine was made using the composi-
tions of the formation water. The salinity of the brine was
about 98,000 mg/l. The spontaneous water imbibition into
the air-saturated rock was conducted before the chemical
treatment. The rate of imbibition spontaneous was cal-
culated using the data from the electronic balance. The
decrease in the imbibition rate and recovery by sponta-
neous imbibition of liquid after chemical treatment give
the extent of wettability alteration.
The glass capillary tube rise test
The glass capillary tube rise test was conducted to examine
the effect of the fluoro-copolymer emulsion on wettability
alteration. The experiment procedure (Li and Firoozabadi
2000) was described as follows. Firstly, fluorochemical
solutions Zonyl8740 of different concentrations were pre-
pared with distilled water. And then, the capillary tube was
aged in the solutions of various concentrations for 8 h and
dried at room temperature. After the chemical treatment,
the capillary tube was inserted vertically in the liquid, and
then, the liquid level (h) in the capillary tube was gained,
whether it rose or descended. The schematic diagram is
shown in Fig. 2. According to the Young’s equation,




(where r and q are surface tension and density of liquid,
respectively, g is the acceleration of gravity, and r repre-




Fig. 1 Imbibition device







(b)  Intermediate gas-wet( 90 °)




Fig. 2 Sketch of the apparatus for capillary rise tests
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capillary tube can be computed when r, q, r, and h are
available. The radius of the circular capillary tube is
0.37 mm.
If the liquid in the circular capillary tube rises (h [ 0),
the contact angle in gas–liquid system is \90. If there is
no liquid rise (h = 0) in the capillary, the contact angle is
equal to 90. And when the liquid in the circular capillary
tube goes down (h \ 0), the contact angle is larger than
90. So one may define preferential liquid-wetting when
h\ 90 and preferential gas-wetting when h[ 90. But
for a capillary tube of equilateral triangle cross section, the
gas–liquid interface will be flat when h = 60, which
suggests preferential gas-wetting for h[ 60. Actually,
there is complex geometry in porous media of reservoirs. In
this article, strong liquid-wetting is defined when h\ 60,
neutral gas-wetting when 60\ h\ 90, and preferential
gas-wetting when h[ 90.
Core flooding
For measuring gas and liquid relative permeability before
and after wettability alteration, the core was first saturated
with oil (hexadecane) or the brine with a salinity of
9,800 mg/l. The absolute permeability of the core was
measured. The air displacement in the core without the
chemical treatment was then carried out at room temperature
with a confining pressure of 500 psi, while the outlet was
open to the atmosphere. Oil recovery, residual oil saturation,
and gas-phase relative permeability were measured. The oil
relative permeability was also calculated at low oil satura-
tions. After the air displacement without chemical treatment,
the core was cleaned, dried, and treated by 1.0 % Zonyl8740
solution. Fluorinated polymers are well known as low sur-
face energy materials, which have oil and water repellent
property (Huang et al. 2004). And the acrylic main-chains
make the polymer adhere well to various materials (Zhang
and Chen 2005). Following that, the chemical solution was
removed from the core, and the core was saturated with oil.
Air displacement was performed again. The core was then
dried in order to remove the extra liquid chemicals. Oil
recovery, residual oil saturation, and gas-phase relative
permeability were then measured. The same experiments
were repeated to measure the gas–water relative perme-
ability after the rock was treated using the chemical solution
to change the wettability. The schematic of the apparatus for
core flow measurements is shown in Fig. 3.
Results and discussion
Contact angles
In order to demonstrate the wettability alteration by 1.0 %
Zonyl8740 solution, droplets of water and hexadecane
were placed on the surface of the rock before and after the
chemical treatments (see Fig. 4). Water and hexadecane
did not imbibe into the rock. Instead, it forms a ball-shape
droplet. The contact angle of water and the core surface
increases from 5.6 to 112.3. The value of the measured
contact angle is greater than 90, which demonstrates that
the wettability of the rock was altered to preferential gas-
wetness by the chemical treatments. Figure 4b shows a
droplet of hexadecane placed on the surface of the rock
after the chemical treatments. The contact angle of hexa-
decane and the core surface increases from 35.3 to 85.7.
One can see from Fig. 4, and the value of the measured
contact angle through the liquid phase that the wettability
of the low-permeability rock was changed from liquid-
wetness to preferential gas-wetness by the chemical treat-
ments in the gas–liquid–rock system.
Capillary tube rise test
According to the Young equation,
Pc ¼ 2r cos h=r ð2Þ
where Pc is the capillary pressure, r is the surface tension,
h is the contact angle, and r is the diameter of capillary.
If the contact angle increases, then the capillary pressure
will decrease. Hence, the liquid cannot be imbibed into the
capillary tube and rock core after wettability alteration to
gas-wetting. Therefore, the capillary rise and spontaneous
imbibition tests are used to evaluate further the effect of the
emulsion on rocks surface wettability. Based on Eq. (2), the
lower the capillary rise and the higher the contact angle as
the surface tension of liquid is constant, indicating a
deviation from strong liquid-wetting.
Figure 5 shows that liquid rise versus the concentration
of Zonyl8740 solution for both the gas/oil (Hexadecane)
and gas/water systems. The liquid rise in the capillary tube
decreases with an increase of the concentration, and the
liquid level of capillary is the lowest when the concentra-












Fig. 3 Schematic of the apparatus for core flow measurements
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systems. The contact angle can be calculated using Eq. (1).
Figure 6 illustrates the computed contact angle versus the
concentration of Zonyl8740 solution for both the gas/oil
and gas/water systems. The contact angle is 25.2 in gas/oil
system and 60.5 in gas/water system before treatment.
Figure 6 elucidates that the contact angle increases with
the increase of the Zonyl8740 solution concentration in
both the gas/oil and gas/water systems.
Imbibition and drainage
Spontaneous water imbibition tests were performed in the
core samples A-2 and A-3 from the Changqing gas-con-
densate reservoir before and after the chemical treatments
in this study. Spontaneous imbibition experiments were
conducted at a room temperature to test the wettability
effect of the low-permeability rock sampled from liquid-
wetness to gas-wetness.
Figure 7 plots the gas recovery by both oil (hexadecane)
and water spontaneous imbibitions in an air-saturated core
before and after treatment. The gas recovery is represented
by the fraction of gas originally in-place (GOIP). One can
see from Fig. 7 that the final recovery of the reservoir rock
(A-2) by spontaneous water imbibition was about 75.6 %
without the chemical treatment. After the chemical treat-
ment, the amount of water imbibed into the reservoir rock
was almost zero. The final recovery of the reservoir rock
(A-3) by spontaneous oil imbibition was about 46.9 %
without the chemical treatment. After the chemical treat-
ment, the amount of oil imbibed into the reservoir rock was
almost zero too. This demonstrates the wettability alter-
ation and a brief explanation are given in the following.
There are only two types of forces, gravity and capillary
forces, that govern the spontaneous water imbibition shown
in Fig. 1. In this case, capillary pressure is the driving
force, while gravity is the resistance force. Gravity force
did not change during the spontaneous water imbibition
with and without the chemical treatments. So the only
possibility was because of the change in capillary pressure
to cause the reduction in recovery by spontaneous liquid
imbibition. A simple definition of capillary pressure is
adopted here:




where Pc is the capillary pressure, k and / are permeability
and porosity, respectively; d is the surface tension and hp
pseudo contact angle. We found that there was no change
in surface tension and almost no change in porosity and
permeability by the chemical treatment. Based on the
above analysis and according to Eq. 2, it was the change in
wettability represented by the contact angle to cause the
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Fig. 7 Gas recovery by liquid imbibition into the air-saturated rock
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shown in Fig. 7. Therefore, the results shown in Fig. 7
demonstrate that the wettability of the very low-perme-
ability rock alters from liquid-wetness to gas-wetness
significantly.
A significant decrease in liquid imbibition rate with
treatment is observed from Fig. 8. The spontaneous imbi-
bition is related to wettability and gas recovery by spon-
taneous liquid imbibition decreases when the rock
wettability changes from liquid-wetting to preferential gas-
wetting. Therefore, these results demonstrate that the
wettability of reservoirs rock in both gas/water and gas/oil
systems has been altered from strong liquid-wetting to
intermediate gas-wetting by the chemical treatment. These
results are consistent with our previous contact angle
measurement and capillary rise tests.
Core flooding test
Effect of wettability alteration on relative permeability
The gas and liquid relative permeability by gas flooding in
the rock were calculated using the experimental data
measured before and after the wettability alteration. The
relative permeabilities were calculated by the JBN method
(Johnson et al. 1959). Figure 9 shows the values of gas and
water or oil (hexadecane) relative permeability measured in
the core sample A-4 using an unsteady-state displacement
approach before and after wettability alteration by the
chemical treatments. After core flooding tests, a significant
effect of wettability alteration on both gas and oil relative
permeabilities was observed in Fig. 9a. Both the gas and
water phase relative permeability increased after the
wettability was altered from liquid-wetness to gas-wetness.
The residual oil saturation by gas flooding decreased from
0.418 to 0.361 PV (PV = pore volume); the gas-phase
relative permeability at the residual oil saturation increased
about two times because of the wettability alteration from
liquid-wetness to gas-wetness.
Gas and water relative permeabilities were measured in
the core sample A-5 using the same unsteady-state dis-
placement approach before and after wettability alteration
by the chemical treatments. The effect of wettability
alteration on gas and water relative permeabilities shows a
trend similar to that for gas and oil relative permeabilities
(see Fig. 9b). Residual water saturation decreased from
0.45 to 0.35 PV. Water saturation at the cross point,
krg = krw, for treated cores was less than 0.4 PV, imply-
ing gas-wetting. This result is in line with the spontaneous
imbibition measurements. These results imply that gas well
deliverability may increase substantially when wettability
is altered to intermediate gas-wetting.
Effect of wettability alteration on recovery
Figure 10 plots the values of recovery by gas flooding
before and after the wettability alteration by the chemical
treatments. The water recovery (see Fig. 10a) by gas
flooding increased significantly after the wettability alter-
ation. The final water recovery by gas flooding after
wettability alteration increased from 50.5 to 72.9 %. The
effect of wettability alteration on oil recovery shows a
trend similar to that of water recovery (see Fig. 10b). The
final oil (hexadecane) recovery by gas flooding after
wettability alteration increased from 60.9 to 80.6 %. In
summarizing, the experimental results shown above
demonstrate that the effects of wettability alteration from
liquid-wetness to gas-wetness on gas–water relative per-
meability and recovery are very significant in the rock
with a low permeability.
Thermal stability
The thermal stability of the chemical treatment is very









































































(a) Gas/oil relative permeabilities for untreated core     (b) Gas/water relative permeabilities for treated core
Fig. 9 Effect of wettability alteration on relative permeability
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condensate reservoir has a temperature of about 170 C. To
meet the requirement of high reservoir temperature, the
thermal stability of the chemical Zonyl8740 was tested and
verified. The experimental procedure and results are
described briefly. The solution of Zonyl8740 solution
(100 ml) was filled in a stainless steel cylinder and was
pressurized to 5 MPa using nitrogen. Then, the cylinder
with the solution was sealed and was put in an oven in
which the temperature was raised gradually to 170 C. The
experimental results demonstrated that the chemical solu-
tion could still change the wettability of the low-perme-
ability rock after 48 h high temperature aging.
In summarizing, the experimental results demonstrate
that the effects of wettability alteration from liquid-wetness
to gas-wetness on gas–liquid relative permeability and
recovery are very significant in the rock with a low per-
meability of less than 1.0 md. One can expect that the
wettability alteration from water-wetness to gas-wetness
may enhance the gas well deliverability and the gas pro-
duction notably in gas-condensate reservoirs.
Conclusions
1. The wettability of gas–liquid–rock systems can be
altered from strong liquid-wetting to intermediate gas-
wetting by Zonyl8740. The capillary rise test ensured
the effectiveness of wettability alteration by Zo-
nyl8740, and the result was in good agreement with
contact angle measurement. It was evidenced by the
spontaneous imbibition tests that Zonyl8740 could
effectively suppress the imbibition of water and oil
into rock.
2. Experimental results demonstrated that the relative
permeabilities of both the gas and the liquid phases
were increased significantly after the wettability alter-
ation to preferential gas-wetness. The residual liquid
saturation was decreased, and the gas production was
enhanced greatly due to the wettability alteration.
These results imply that gas well deliverability may
increase substantially when wettability is altered to
intermediate gas-wetting.
3. Note that the wettability alteration to gas-wetness may
also be applied in drilling and completion to reduce the
water loss to tight gas formation, in water shutoff in
tight gas reservoirs with bottom water, and acid-
fracturing to contain secondary formation damage in
low-permeability gas reservoirs.
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